Abstract. Coronal mass ejection (CME)-shock compression of the dayside magnetopause has been observed to cause both prompt enhancement of radiation belt electron flux due to inward radial transport of electrons conserving their first adiabatic invariant and prompt losses which at times entirely eliminate the outer zone. Recent numerical studies suggest that enhanced ultra-low frequency (ULF) wave activity is necessary to explain electron losses deeper inside the magnetosphere than magnetopause incursion following CME-shock arrival. A combination of radial transport and magnetopause shadowing can account for losses observed at radial distances into L = 4.5, well within the computed magnetopause location. We compare ULF wave power from the Electric Field and Waves (EFW) electric field instrument on the Van Allen Probes for the 8 October 2013 storm with ULF wave power simulated using the Lyon-FedderMobarry (LFM) global magnetohydrodynamic (MHD) magnetospheric simulation code coupled to the Rice Convection Model (RCM). Two other storms with strong magnetopause compression, 8-9 October 2012 and 17-18 March 2013, are also examined. We show that the global MHD model captures the azimuthal magnetosonic impulse propagation speed and amplitude observed by the Van Allen Probes which is responsible for prompt acceleration at MeV energies reported for the 8 October 2013 storm. The simulation also captures the ULF wave power in the azimuthal component of the electric field, responsible for acceleration and radial transport of electrons, at frequencies comparable to the electron drift period. This electric field impulse has been shown to explain observations in related studies (Foster et al., 2015) of electron acceleration and drift phase bunching by the Energetic Particle, Composition, and Thermal Plasma Suite (ECT) instrument on the Van Allen Probes.
Introduction
The twin Van Allen Probes spacecraft, launched on 30 August 2012, are providing dual-spacecraft measurements of radiation belt electron response to changing electric and magnetic fields, particularly dramatic for coronal mass ejection (CME)-shock-driven storms. Inward motion of the magnetopause causes loss on the timescale of magnetopause compression Hudson et al., 2014a ) evident in loss of electrons at high L values. The Van Allen Probes measure electron and ion populations across a broad range of energies with complementary electric and magnetic field measurements designed to answer fundamental questions about the balance between source and loss processes affecting the most energetic (multi-MeV) outer-zone electrons in particular (Mauk et al., 2013 ). An issue is the balance between acceleration by radial transport vs. local wave processes (Hudson et al., 2008; Thorne, 2010) and the balance between loss to the magnetopause and atmosphere (Millan and Thorne, 2007) . Both dramatic dropouts (Turner et al., 2014) and dramatic increase in the flux of MeV electrons have been reported . CME-driven compression of the dayside magnetopause produced a dropout of MeV electron flux into the location of the plasmapause along with the formation of a storage ring at multi-MeV energies from the residual outer zone during the first observed storm on 3 September 2012 . This storage ring persisted for the remainder of September 2012, but was largely decimated by inward motion of the magnetopause when a strong interplanetary shock arrived at Earth on 30 September (Turner et al., 2014) . Another CME shock erased the last vestiges of the storage ring on 8 October 2012, attributed to magnetopause shadowing (Hudson, 2013) , followed by a very rapid acceleration event seen by both Van Allen Probes spacecraft on 9 October , attributed to local acceleration by gyroresonance with whistler-mode chorus waves .
The role of ULF waves in radial transport has been suggested by long periods of gradual inward motion at fixed energies as occurred in the first half of March 2013 Li et al., 2014b) . This behavior was interrupted by prompt loss of the outer zone on 17 March following the arrival of another strong CME shock, which produced a D st of −132 nT and subsequent local acceleration comparable to the 8-9 October 2012 storm (Li et al., 2014a) . The role of ULF waves during this and the preceding 8-9 October 2012 storm event, which were examined globally in Hudson et al. (2014a, b) , is examined in more detail here, including further analysis of the magnetosonic impulse which accompanies magnetosonic compression.
In this paper we present magnetohydrodynamic (MHD) simulations for the 8-9 October 2012 and 17-18 March 2013 CME-shock-driven storms along with a third 8-9 October 2013 storm which has received considerable attention because of the observation of prompt acceleration on an electron drift timescale in addition to the characteristic prompt loss due to magnetopause compression (Foster et al., 2015) . A detailed comparison of simulated and measured electric field data is available for this storm due to precession of the spacecraft orbit to the dayside by October 2013. Foster et al. (2015) estimated, based on observations from the Van Allen Probes, that the moderate azimuthal electric field impulse of ∼ 10 mV m −1 observed by the Electric Field and Waves (EFW) instrument in response to dayside compression, with spatial extent over the entire dayside magnetosphere, was responsible for selective acceleration of 1.5-4.5 MeV electrons by 400 keV in the radial region of L * ∼ 3.5 − 4.0.
Measurements
The orbital period of the Van Allen Probes is about 9 h with apogee at 5.8 R E (Mauk et al., 2013) . The acquired electron and ion particle distribution functions with unprecedented energy, pitch angle and temporal resolution in the range from a few eV to MeV are measured by three different instruments in the Energetic Particle, Composition, and Thermal Plasma Suite (ECT) . The Electric Field and Waves (EFW) instrument (Wygant et al., 2013) on the Van Allen Probes is composed of two booms with spherical probes and tip-to-tip separation of 100 m in the spin plane. The third component along the spin axis is measured by two spherical sensors separated by 15 m. The instrument works nominally in a survey mode of 32 samples per second but can use two burst memories with sampling rate of 512 or 16 000 samples per second. An accurate measurement of the electric field is particularly important in determining the effects of particle acceleration (Foster et al., 2015) , the losses to both the atmosphere and magnetopause (Hudson et al., 2014a) , and also microphysical phenomena like double layers (Mozer et al., 2014) . Thanks to the orbit design of the two spacecraft, we receive a current picture of the radiation belts with at least 4.5 h resolution (half orbital period), and are able to separate temporal from spatial variations on a shorter timescale using the spatial separation of the two spacecraft. This time resolution may be sufficient for changes of particle fluxes, but to study changes in the electric and magnetic field configuration even on MHD timescales, we require higher temporal and spatial coverage than is possible to achieve with two-point measurements.
In this paper, we selected three events associated with coronal mass ejections (CMEs) from 2012 and 2013 to simulate using a global MHD model driven by upstream solar wind measurements. We focus on ultra-low frequency (ULF) wave activity of the azimuthal component of the electric field which affects radial transport of electrons. To establish a baseline, we choose the 8 October 2013 event and compare the electric field observations with the results of the numerical model. This event, well measured by the Van Allen Probes, is a good example of the magnetosphere response to the induced electric field associated with a CME-shock impact.
GOES 13 and 15 geosynchronous satellites and the CARISMA magnetometer chain were also on the dayside for the 8 October 2013 CME-shock arrival, making it possible to directly compare the magnetic field compression and azimuthal impulse propagation speed seen in those measurements with the Van Allen Probes data and MHD simulations described next.
Computational methods

MHD model
In this study, we use the global Lyon-FedderMobarry (LFM) MHD model described in detail by Lyon et al. (2004) . LFM is coupled with two other models which improve description of physical processes in the inner magnetosphere. The Rice Convection Model (RCM) provides a representation of ring current particle populations including drift physics (Toffoletto et al., 2003; Pembroke et al., 2012) and the Magnetosphere-Ionosphere Coupler/Solver (MIX) model provides an inner boundary at 2 R E (Merkin and Lyon, 2010) .
LFM is a three-dimensional magnetospheric model which solves ideal single-fluid magnetohydrodynamic (MHD) equations on an irregular grid stretched so it conforms with topology of the Earth's dipole as distorted by the solar wind. The grid has higher resolution in the inner magnetosphere of about 0.25 R E . Internally, LFM uses the solar magnetic (SM) coordinate system where the z axis coincides with the geomagnetic dipole axis and the x-z plane contains the SunEarth line. The model is driven by solar wind conditions upstream of the simulation box imposed on a boundary located at x SM = 30 R E and is rotated appropriately to model diurnal variations. The solar wind data are derived from either Advanced Composition Explorer (ACE) and Wind spacecraft located near the L1 Lagrangian point or the ARTEMIS spacecraft orbiting the Moon. The input data are interpolated on a regular time grid with cadence of either 60 or 6 s when ARTEMIS data are used.
RCM assumes a Maxwellian distribution function for both electrons and ions decomposed in energy into 28 fluid channels for electrons and 62 channels for ions (Toffoletto et al., 2003) . The flux tube averaged density, temperature and magnetic field are provided by LFM, while RCM provides the sound speed which is bled into LFM with a characteristic exchange time and a coupling ratio. RCM solves a 2-D bounce-averaged advection equation separately for each energy channel in the spatial region where the flux tube averaged β ≤ 1. Bounce averaging assumes spherical symmetry between northern and southern ionospheres, which is satisfied due to the spatial restriction described above. The two models are coupled with 1 min cadence. A static Gallagher plasmasphere (Gallagher et al., 2000) for Kp = 5 and constant azimuthal profile is added to the output during the RCM to LFM coupling step. The cold plasma density has a profile in the radial direction with constant plasmapause location set at 4.5 R E . RCM has an option of incorporating dipole tilt which is enabled for all runs presented in this paper. Twoway coupling between LFM and RCM is discussed in Pembroke et al. (2012) .
The Magnetosphere-Ionosphere Coupler/Solver (MIX) model solves for the electric potential from field aligned currents and conductivity using a 2-D continuity equation:
where¯ is the height-integrated conductance tensor modulated by 10.7 cm solar radio flux, is the electric potential and J are field-aligned currents mapped from the inner boundary of LFM along the dipole field onto the grid of MIX. The angle α is between radial and local magnetic field on the grid. Equation 1 is solved on a 2-D spherical grid. The implementation details are discussed in Wiltberger et al. (2004) . Throughout this paper we will refer to all three models coupled together as LFM-RCM.
Solar wind conditions
LFM-RCM requires proton density, velocity, magnetic field and sound speed of the solar wind as input parameters, together with angle between magnetic and geographic pole to account for diurnal variations. All solar wind input parameters are interpolated on a 1 min time grid or 6 s in the case of ARTEMIS input. We use three different sources of solar wind data based on availability.
ACE and the Global Geospace Science Wind spacecraft are strategically located in orbit about the L1 Lagrangian point to provide near-real-time space weather measurements upstream of Earth. Solar wind measurements are then propagated to the Earth's bow shock nose and provided by NASA's OMNIWeb service. ACE was launched on 25 August 1997 and its X GSE ranges between 220 and 250 R E . Wind was launched on 1 November 1994 and still provides solar wind data, but from mid-2004 its orbit has an excursion in Y GSE ±100 R E .
ARTEMIS are two spacecraft orbiting the Moon which were separated from the THEMIS (B and C spacecraft) mission (Angelopoulos, 2008 (Angelopoulos, , 2010 . ARTEMIS data were smoothed by using a boxcar average algorithm of 40 s window size. The original data were sampled at about 4 s. Afterwards, data were interpolated on a 6 s time grid to preserve a steep jump in solar wind parameters.
Power analysis
ULF wave power is analyzed in the SM equatorial plane, as this plane approximates the B min surface. We plotted the B min surface in the LFM fields in SM coordinates using a field line tracer and found that this surface is within 6 • of the SM equatorial plane, valid within the inner magnetosphere. The fields from the MHD simulation are saved every 30 s, which corresponds to a Nyquist frequency of ∼ 16 mHz.
MHD models resolve two coupled wave modes which produce E φ , which in turn provides a mechanism responsible for radial particle transport. First, a fast magnetosonic wave mode can be launched from sudden compression of the dayside portion of the magnetosphere after shock arrival (see Araki et al., 1997 , for analysis of the 24 March 1991 storm sudden commencement (SSC) using satellite and ground magnetometer measurements). This wave propagates isotropically in low β plasmas from a source region on the magnetopause. Due to the dipolar topology of the B field and inhomogeneities in the plasma, the magnetosphere focuses the waves into the equatorial plane region as they propagate (Kress et al., 2007) . Global ULF wave oscillations are another source of E φ . The global oscillations of shear Alfvén waves are excited by coupling with fast magnetosonic waves through field line resonance (see the review of Hughes, 1994) .
To analyze ULF wave activity we apply a Hanning window of length of 30 min and 50 % overlap (i.e., 15 min) to electric field detrended by a polynomial of order 3 before data are processed by fast Fourier transform (FFT). The electric field is measured along the Sun-Earth line in analysis of the simulated spatial domain.
Figures. 1, 2 and 3, which represent ULF wave power analysis, all follow the same format. Panel (a) is ULF wave power integrated over the range 0 to 16 mHz as a function of radial distance L McIlwain . The black solid line represents the location of the magnetopause and the dashed line is the geostationary radial distance at 6.6 R E . Magnetopause location is calculated from the maximal gradient of the number density sampled along the Sun-Earth line. As shown by Hudson et al. (2014a) , LFM-RCM predicts the magnetopause location well with respect to a widely used empirical model of Shue et al. (1998) . Panel (b) is mean ULF wave power between L = 4 and L mp − 1, where L mp is the magnetopause location. Panels (c-e) represent solar wind conditions: proton number density, B z component of the magnetic field and solar wind dynamic pressure, respectively.
Simulated events
We present three numerical runs for selected storms of 2012 and 2013 during the primary phase of the Van Allen Probes mission. All three events were weak CME shocks, and are summarized in Table 1 . None of the storms was accompanied by a drop of the D st index below −150 nT. We calculated the peak azimuthal electric field E φ at geostationary radial distance of 6.6 R E from the simulation during the course of each storm, affecting radial transport of electrons. All three storms reached only modest values of E φ with a maximum of −24 mV m −1 during the 8 October 2013 storm. Here we report only the maximal value in the westward direction as it is responsible for inward electron transport; however the eastward component reached similar values within a few percent. Similar signatures of a compressional B z have been reported in the past for CME-shock-driven storms, first analyzed in detail with electric and magnetic fields measured in situ by the Combined Release and Radiation Effects Satellite (CR-RES) for the 24 March 1991 event (Wygant et al., 1994) .
All three storms exhibit increased power during the early phase of the shock arrival as seen in Figs. 1, 2 and 3, which penetrates deep into the inner magnetosphere. Enhanced ULF wave power in the heart of the outer radiation belt will further promote outward radial diffusion and thus loss of the particles to the magnetopause in the presence of an inward radial gradient produced by inward motion of the magnetopause Loto'aniu et al., 2010) .
8 October 2012
The double-dip (in D st ) storm on 8 October 2012 followed month-long observations of a three-belt structure of highenergy (MeV) electrons reported by Baker et al. (2013) . The event preceded sudden energization of the relativistic electrons on 9 October . A first dip in D st of −105 nT was recorded at the time of increased solar wind dynamic pressure of 6.8 nPa. A dip in solar wind pressure and an extended period ∼ 14 h of southward interplanetary magnetic field (IMF) B z was correlated with a sudden increase in the relativistic electron population deep inside geosynchronous orbit. Hudson et al. (2014a) analyzed the 8 October 2012 event in detail using MHD simulations combined with a 3-D particle-tracing technique (Kress et al., 2007) to study the electron loss mechanism due to magnetopause shadowing. The energy and pitch angle dependence of the losses analyzed reveal a clear signature of magnetopause loss at higher L on 8 October observed by the Van Allen Probes ECT instrument. The losses at low L due to high-frequency waves (EMIC and whistler) which produce scattering into the atmosphere were not included in the analysis because the MHD model was used to provide the fields. The long pe- Kress et al. (2014) , providing both an anisotropic population of electrons which generate chorus waves on the dawn side of the magnetosphere and a population of hundreds of keV electrons inside geosynchronous orbit which may be heated locally by the chorus to MeV energies . Figure 1 presents ULF wave activity during the 8 October 2012 event. Solar wind conditions derived from the Wind spacecraft were time-shifted to 1 AU to study the properties and intensity of ULF waves inside of the magnetopause location. The initial shock arrival at 05:20 UT launched a pulse propagating through the magnetosphere which generated ULF wave power in the frequency range 1 to 5 mHz. Wave power in this frequency range is present throughout the entire simulated event. Note that the plasmapause is static in our simulations. The K p = 5 (Gallagher et al., 2000) plasmasphere is incorporated into MHD density. The low level of power at 7-15 mHz does not resonate with electrons below 6 MeV outside of L = 5 (Fig. 3 of Foster et al., 2015, for ULF wave resonance with electron drift period), assuming an m = 1 azimuthal mode structure is dominant, characteristic of CME-shock events ). An analysis of azimuthal mode number structure shows dominance of m = 1 and 2 for this type of shock compression event (Elkington et al., 2004) . At this time, power is centered at 1.5 mHz, with an amplitude of E φ,RMS more than 11 mV m −1 . Note that panel (b) of Fig. 1 represents only power inside of the magnetopause minus 1 R E .
17 March 2013
On 17 March 2013, a long gradual diffusion of MeV electrons that began on 1 March 2013 with a solar wind highspeed stream was interrupted by a shock arrival which was produced by a M1.1-class X-ray flare and subsequent CME. A sudden loss of outer-zone relativistic electrons can be accounted for by wave activity and inward radial motion of the magnetopause below geosynchronous orbit (Li et al., 2014b) . The simulated azimuthal electric field at geostationary orbit peaked at 20 mV m −1 during the course of 15 h of increased solar wind dynamic pressure followed by rapid energization of electrons at about 18:00 UT observed by the Van Allen Probes Li et al., 2014a) .
The upstream solar wind conditions of the LFM-RCM simulation are derived from ACE. Because the ACE data set is incomplete for the given time period, we filled data gaps using the Wind Solar Wind Experiment (SWE) measurements centered on the observation of the shock arrival and downloaded from OMNIWeb. This corresponds to a time shift of ACE observations by 13 min and 12 s due to the relative spacecraft location. Wind data are used to fill four gaps in the ACE data set by properly scaling variables to match ACE data during the time range of overlap to account for limited cross calibration of the instruments.
The 17 March storm was the strongest of the three studied in response of the ring current, with minimum D st of −132 nT at 21:00 UT compared to the other two events studied here. Around 07:30 UT the solar wind dynamic pressure reached its maximum of 19.8 nPa and compressed the simulated magnetopause into L McIlwain = 6.0. During this time, the azimuthal electric field derived from the simulation at geosynchronous orbit peaked at −20 mV m −1 . Figure 2 shows that during the strongest solar wind driving at 07:00 and 08:00 UT, the root mean square of the azimuthal electric field was greater than 11 mV m −1 for frequencies below 4 mHz. A similar response was seen during the initial shock arrival at about 05:50 UT. Note that ULF wave power integrated over frequency (and L) is more intense for the 17 March 2013 event than for that of 8 October 2012.
8 October 2013
The solar wind input for this simulation uses a combination of data from the Moon-orbiting ARTEMIS P1 and P2 spacecraft (Angelopoulos, 2010) . The shock is supercritical with a relatively large magnetic field compression ratio of about r = 4 (ratio of upstream to downstream magnetic field). The width of the shock ramp is also unusual and lasted only 3-4 s as measured in the solar wind. This fast transition in plasma parameters is basically a delta function on the timescale required by MHD input and is unique relative to other events studied in this paper. Strong constant driving persisted for almost 2 h and the magnetopause was compressed within geosynchronous orbit for an extended period of time of more than 1.5 h seen both in the simulation results and GOES magnetometer data shown in Fig. 4b .
Here we present the Van Allen Probes electric field observations to illustrate differences and similarities between our simulations and in situ observations. As seen in Fig. 4 , the Van Allen Probes proceeded from the dayside towards dusk at apogee, which was a favorable configuration for the comparison of the observations with the MHD numerical model showing magnetopause compression. Figure 5 shows electric field measurement from the EFW electric field instrument onboard the Van Allen Probes spacecraft (Wygant et al., 2013; Hudson et al., 2014b) . The E y component in the modified geocentric solar ecliptic coordinate system (mGSE) which is in the spin plane of the spacecraft is presented. Note that the spin axis is always aligned within 15 • of the SunEarth line (Mauk et al., 2013) . The spacecraft were located between 13:00 and 18:00 MLT in the heart of the electron outer zone during the event. At the time of the shock impact, the spacecraft separation and timing of the observations yield an E y impulse speed in the inner magnetosphere of 850 km s −1 (Foster et al., 2015) . A similar analysis of the simulation results yields an azimuthal propagation speed of 700 ± 200 km s −1 . A significant error is caused by output cadence saved from LFM, every 10 s. A confirmation of the impulse propagation speed is observation by GOES 13 and 15 satellites. Figure 4b represents magnetic field measurements of |B|. The time difference and spatial separation of the signals yields propagation speed of 978 km s −1 , which is higher than the speed determined from EFW data from the Van Allen Probes, which were located in a region of lower magnetosonic speed in the simulation (Fig. 4a) . Figure 5 presents E y,mGSE (black) and Poynting flux S x,mGSE (red) components from both spacecraft in panels (a) and (c). Note that E y corresponds to the azimuthal or radial direction when spacecraft are located on the dayside or dusk, respectively. Both quantities are band-pass-filtered between 1 and 6 mHz. Initially, bipolar oscillations of the x component of the Poynting flux indicate a standing wave, while subsequently, when the spacecraft moves towards apogee and dusk, negative x Poynting flux may be interpreted as an antisunward-propagating wave. The initial impulse at 20:20 UT caused prompt energization by radial transport of multi-MeV electrons as described by Foster et al. (2015) , while inward motion of the magnetopause depleted the outerzone radiation belt of relativistic electrons . Relatively high amplitude monochromatic oscillations in the ULF range at later times are ideal for comparing observations with LFM-RCM predicted wave activity.
Figures 5b and 5d show power spectral density (PSD) in E y from the same data set as panels (a) and (c). See accom- The E y component is a combination of poloidal-and toroidal-mode power in a non-axisymmetric background magnetic field where the two modes are coupled (Radoski, 1967 ; see also review by Lanzerotti and Southwood, 1979) , and increasingly corresponds to the toroidal mode (E r , B φ ) as the spacecraft move to the dusk side. Thus power shown can be interpreted in terms of excitation of toroidalmode field line resonances by antisunward-propagating magnetosonic-mode wave power (Hughes, 1994) , which continues to be sustained by solar wind pressure oscillations (present in Fig. 3e ). Note that power is concentrated at lower frequencies at spacecraft B at the earlier time of 21:31 UT (dark-blue curve of Fig. A1 ) and higher frequency at spacecraft A when it is at a lower L value, as expected for a fundamental field line resonance wave frequency to which these correspond. See Claudepierre et al. (2010) , who performed a controlled experiment with LFM and both monochromatic and broadband prescribed pressure oscillations in the frequency range 0.1-50 mHz. They found that odd harmonic fundamental toroidal-mode field line resonance power was excited at successively higher frequencies at lower L values. As spacecraft A moves outward in L in Fig. 4a , the peak in PSD in Fig. A1a shifts to lower frequency by 22:01 UT (red) with power exceeding that seen at spacecraft B at 21:31 UT in Fig. A1b , when it was already at higher L. Both spacecraft see approximately the same peak frequency 3.3 mHz by 22:01 UT, with power significantly lower at spacecraft B at that time and reduced further as it passes by 22:16 UT and moves further duskward. Figure 5 shows that the mHz ULF wave PSD attenuates away from the dayside, particularly clear for spacecraft B in panel (d), which has moved more duskward than A, as has been seen in many studies, with concentration of toroidal-mode power along the flanks of the magnetosphere and compressional in B (poloidal E φ ) power across the dayside; see, for example, Anderson et al. (1992a, b) for a review of AMPTE CCE magnetometer measurements, Lessard et al. (1999) for analysis of the local time distribution of AMPTE IRM magnetometer data, Hudson et al. (2004) for CRRES magnetometer, Liu et al. (2009) for THEMIS data, and Engebretson et al. (1998) for ground magnetometer studies. Other LFM CME-shock event studies (Elkington et al., 2002 have confirmed the predominance of wave power on the dayside in the poloidal E φ component and discussed the need to include that longitudinal asymmetry in any prescribed ULF wave model of effects on radial transport and acceleration of electrons. Figure 6 represents the simulated color-coded azimuthal electric field E φ in the SM equatorial plane shortly after the shock arrival at the magnetosphere at 20:22 UT. Overplotted are the electric field vectors (white) projected onto the SM equatorial plane. The location of the two spacecraft is represented by red (A) and blue (B) circles with 30 min of the past trajectory represented by a solid line of the same color. The dusk-dawn azimuthal electric field in excess of 10 mV m −1 will effectively transport electrons inward through E×B drift superimposed on the gradient-curvature drift, thus providing adiabatic heating as first and second invariants are conserved (Foster et al., 2015) . An equivalent view is that electrons accelerated by E φ move radially inward while conserving their first invariant (Li et al., 1993) tric field pulse will transport only a fraction of the electrons located on the dayside of the magnetosphere, which will lead to drift echoes observed by the Van Allen Probes. Multi-MeV electrons which traverse duskward and stay in drift resonance with azimuthally propagating E φ < 0 are most strongly accelerated (Li et al., 1993; Elkington et al., 2002; Kress et al., 2007; Mann et al., 2013) Figure 6a shows E φ at the time of shock arrival 20:22:00, while Fig. 6b shows E φ at 20:23:00 UT, after the magnetosonic impulse produced by the dayside compression has propagated toward the nightside. Multi-MeV electrons drifting in resonance with the negative (blue) azimuthal electric field impulse as it propagates eastward from the dayside to nightside experience radial transport and acceleration by ∼ 400 keV in this event, commensurate with the amplitude of E φ integrated over the electron drift path (Foster et al., 2015) . This energization is considerably less than seen in MHD-test particle simulations of the Halloween 2003 CMEshock event where an order of magnitude larger E φ was produced, using measured solar wind input from a faster, stronger shock (Kress et al., 2007) , and for the 24 March 1991 event (Elkington et al., 2002) , for which nightside electric field and particle measurements were available from CR-RES and E φ extrapolated to the dayside was found to be ∼ 200 mV m −1 (Wygant et al., 1994) . Nonetheless, the dualspacecraft measurements available for the 8 October 2013 event provide a key constraint in determining the consistency of the azimuthal impulse propagation speed between the two spacecraft, separated azimuthally on the dayside at the time of shock arrival as seen in Fig. 6a , and confirmed in the simulations which yield an average E φ impulse propagation speed of 700 ± 200 km s −1 . The GOES 13 and 15 satellites (Fig. 4b) and Canadian magnetometer array CARISMA (Appendix Fig. B1 ) also confirm very similar propagation speeds of 978 and 780 km s −1 , respectively, both mapping to higher radial locations in the equatorial plane where the magnetosonic speed is larger (Fig. 4a) . Figure 7a shows the color-coded power spectrum of the E y,mGSE electric field component, roughly azimuthal, measured by EFW on Van Allen Probe B (solid black line) extracted along the trajectory between 20:00 and 24:00 UT on 8 October 2013. Panel (b) shows the simulated E y,SM electric field in the same format. The bottom four panels (e-h) show solar wind parameters for the given time period. Panel (b) shows simulated E y,SM plotted in the fixed SM coordinate system, while panel (a) is plotted in a coordinate system with x axis pointing along the spacecraft spin axis (Wygant et al., 2013; Hudson et al., 2014a) within 15 • of the Sun-Earth line, and thus is closer to the SM coordinate system of the simulation at the time of shock arrival when the two y components are in relatively close agreement. Both panels (a, measured) and (b, simulated) show similar frequency response to changes in solar wind driving conditions in the lower panels, and similar amplitudes at the time of shock arrival, with larger measured amplitudes by up to a factor of 4 at later times.
Panels (c) and (d) compare the decomposition of simulated E y,SM into azimuthal and radial components. The simulated bipolar electric field impulse at 20:22 UT is expected from a compression of the dayside magnetic field following Faraday's law (Li et al., 1993 ) with a predominantly negative E y component at the location of the RBSP B spacecraft followed by a smaller damped relaxation oscillation with a 3 min (3.3 mHz) period. The increase in wave power at 21:25 UT and again at 22:25 UT is associated with subsequent discontinuities in the solar wind and seen as probe B moves from dayside toward the flanks of the magnetosphere (Fig. 4a) , where wave power is greater in the toroidal (E r ) component than the poloidal E φ component as expected (Fig.  8 of Liu et al., 2009 , THEMIS statistical study).
Discussion and summary
We have presented results from simulations of three CMEshock-driven storms since the launch of the twin Van Allen Probes spacecraft in August 2013. These events were selected because of the dramatic change in radiation belt electron populations that ensued. What they all have in common is compression of the dayside magnetopause and prompt loss of electrons due to magnetopause shadowing, as has been reported in other studies (Hudson et al., 2014a) . The focus of this paper has been the evolution of fields calculated from the simulation model using measured solar wind input from ACE, Wind and ARTEMIS spacecraft. The LFM-RCM model couples the Lyon-Fedder-Mobarry (LFM) global MHD code with the Rice Convection Model (RCM) of the ring current and includes dipole tilt and a Kp = 5 non-evolving embedded plasmasphere for storm time simulations (see Pembroke et al., 2012; Hudson et al., 2014a) .
The results capture well the azimuthal electric field impulse that was measured by the EFW instrument on the Van Allen Probes for the 8 October 2013 storm, propagating eastward in the post-noon sector in the direction of electron drift at ∼ 850 km s −1 (Foster et al., 2015) . Simulation results shown in Fig. 6 yield 700 ± 200 km s −1 , which is in good agreement with the Van Allen Probes, GOES and groundbased measurements; the later two data sets were examined for the first time in this paper (see Fig. 4b and B1 ). The simulated SM E y ∼ 10 mV m −1 yields an electron energy gain ∼ 380 keV if an electron drifts through a 6 R E azimuthal path length; see for example the snapshot in Fig. 6b , which can account for the prompt energy flux gain observed by the Relativistic Electron Proton Telescope (REPT) component of ECT on the Van Allen Probes for this event (Foster et al., 2015) . The initial compression yields a negative E φ across the dayside (frames preceding Fig. 6a ), which will account for initial drift phase bunching or drift echoes reported by Foster et al. (2015) ; however the acceleration continues for those electrons in drift resonance with azimuthal drift velocities comparable to that of the electric field impulse in Fig. 6 . The drift-resonant criterion (azimuthal wave velocity equals electron drift velocity) selects an optimal drift-resonant energy ∼ 4 MeV at L = 4 using a dipole magnetic field approximation to calculate drift period Foster et al. (2015) , in line with the drift echo observations detected by the ECT instrument on both spacecraft as they crossed this L value. This is, however, a broad resonance as Hudson et al. (1996) showed for rings of test particle electrons in MHD simulations of the 24 March 1991 event, consistent with the simulated FFT frequency spread evident in Fig. 5b and d at the location of the two spacecraft (A and B), as well as the range plotted in Fig. 7 . Thus it is not surprising that drift echoes were observed across the energies 2−5.6 MeV of the REPT instrument (Foster et al., 2015) and extended down to lower energies reported for the MagEIS instrument . This type of prompt acceleration, expected to be more efficient at higher energies and drift velocities which allow electrons to stay in drift resonance with the E φ impulse plotted in Fig. 6 , was shown to be most effective at accelerating electrons above 630 MeV G −1 in phase space density analysis of the 8 October 2013 event (Foster et al., 2015) . Prompt drift-resonant acceleration by such an inductive electric field impulse has been reported for other stronger CME-shock compressions of the dayside magnetopause, where much larger amplitude E φ were inferred from nightside measurements of the March 1991 event by the CRRES satellite (Li et al., 1993) and simulated to explain observations of the Halloween 2003 storm by the low-altitude, polar-orbiting SAMPEX satellite (Looper, 2005; Kress et al., 2007) . The results reported here and in companion papers confirm that a much weaker inductive electric field impulse, ∼ 10 vs. 100 mV m −1 , can have a significant effect on electron acceleration during CME-shock-driven storms.
Subsequent stronger ULF wave power at 21:30, 22:00 and post-23:00 UT in Figs. 5, 7 and A1 will continue to affect radial transport of electrons. However, the outer zone was entirely depleted of electrons outside L = 5 by these later times as the magnetopause moved inside geosynchronous orbit (see Fig. 3 , and Hudson et al. (2014b) for corresponding test particle simulations). Electrons were seen to diffuse radially outward beginning with the secondary increase in solar wind dynamic pressure at 21:20 in Fig. 7h , which triggered the second large increase in ULF wave power seen in Figs. 5 and 7. In this case ULF waves can contribute to loss inside the magnetopause due to the reversal of the usual phase space density gradient attributed to magnetopause compression.
Simulating the MHD global response of the magnetosphere to interplanetary drivers such as CME shocks has improved to the point where we can make direct comparisons with dual-spacecraft measurements of large-scale features such as the shock compression inductive electric field impulse seen in Fig. 6 . These fields can also be used in studies of longer-timescale behavior such as plasma sheet transport and adiabatic acceleration Kress et al., 2014) as well as radial diffusive acceleration over storm timescales (Elkington et al., 2002 (Elkington et al., , 2004 Fei et al., 2006; Huang et al., 2010; Hudson et al., 2012) . Figure B1 shows a shock impulse arrival measured by two ground-based magnetometers from the Canadian magnetometer array CARISMA on 8 October 2013. The location of Dawson City (blue) and Fort Churchill (green) stations maps to the dayside at L = 6.1 and 7.4 R E , respectively, under quiet conditions.
